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A large body of evidence relating to the levels of enzymes and other proteins in tissues of individuals heterozygous for various protein deficiency states suggests that the amounts of proteins made are proportional to the "dosage" or number of structural genes which govern their synthesis.1 If this evidence is translated to the individual cells of the mammalian liver, it would be expected, for example, that a tetraploid cell would make twice as much of gene-dosage-dependent materials as would a diploid cell. Since the liver of a single adult mammal may be composed of parenchymal cells of several orders of ploidy, the only way in which these different cells would be metabolically comparable, unless gene dosage did not apply, would be for their volumes to be directly proportional to their ploidies. In this way, the concentrations of cytoplasmic constituents would remain constant. The present investigation was undertaken to determine whether cell volume is directly proportional to ploidy.
Materials and Methods.-Animals and tissues: The major part of the work was carried out with albino Swiss mice bred at the National Institutes of Health. Livers were also obtained from normal and obese (ob/ob) C57 BL/6J mice, Sprague-Dawley rats, and Fisher rats bearing transplantable hormone-secreting sarcomas. Human liver was obtained at autopsy within 6 hr of death. In no case was the liver tissue affected by the pathologic process that caused death.
Preparation Concomitant with the increase in mean cell ploidy, there is an increase in mean nuclear ploidy (Fig. 3) To illustrate the relative differences in the areas of cells and nuclei, photomicrographs of cells of various ploidies are shown in Figure 5 .
Relationship of cell size to nuclear ploidy: Two assumptions underlie the comparison of cell sizes on the basis of mean areas. One is that the mean area will accurately represent the size of a group of cells, even though the size of any single cell would not be so represented. The other is that there is a constant geometry for the cells of different ploidies, thereby allowing the comparision of mean areas. If these assumptions are valid, then for a twofold difference in volume, any common linear measurements should be in the ratio of 21/': 1 (or 1.26: 1), and any common area measurements in the ratio of 2"2/:1 (or 1.59:1).
Since the ratios of cell areas shown in Figure 4 human beings) were examined, and the results are summarized in Figure 6 . The For a doubling in DNA content, the increase in both nuclear and cell volumes was considerably less than twofold.'2 There is no a priori reason, except for the general assumptions about gene dosage discussed in the introduction, to assume that cell volume and nuclear ploidy need be directly proportional. In a sense, then, the direct test of this relationship becomes a test of the validity of the gene dosage conicept in polyploid cells, and the results presented above are fully in accord with it. These data must, however, be considered only as being compatible with the operation of gene dosage; they do not prove it. Only the direct determination of such factors as the rates of R'NA and protein synthesis and of the levels of specific enzymes in the cells of various ploidy classes within the same animal can do so.
If, for the present, the gene dosage concept is accepted in so far as polyploid liver cells are concerned, it is possible to analyze some of the consequences of the process of polyploidization. The concentrations of primary gene-dosage-dependent cell constituents will not differ among cells of different ploidies. Therefore, the liver pareichyma will be metabolically uniform, and the regional variations related to lobular architecture cannot be attributed to the variation in cell size. Furthermore, in view of the strict proportionality of cell size and of the constancy (or slight increase) in cell volume with animal growth, polyploidization by itself cannot improve in any obvious way the "efficiency"'3 of the cells.
There is, however, one consequence that will result from the formation of polyploid cells and that is a relative decrease in the total surface area of the parenchymal cells as the liver grows. Since surface area is proportional to (volume)VS, the replacement of diploid cells by an equal volume of tetraploid cells will result in a decrease of total surface area by (2 X 1) - ( (Fig. 2) , and for a twofold increase in liver weight there was a 1.7-to 1.9-fold increase in mean cell ploidy. The fact that the increase in cell ploidy was not exactly proportional to the increase in liver weight indicates that the hypothesis of growth purely by polyploidization must be modified. One explanation is that a certain number of cells divide after nuclear replication so that daughter cells of the same ploidy as the original cells are produced. For this group of cells, the increase in cell mass would not be accompanied by a proportional increase in mean ploidy per cell. Another possibility is that polyploidization of the nuclei takes place by a mechanism such as that proposed for rat liver by -Nadal and Zajdela. '7 They suggest that a binucleate cell divides to produce two mononucleate cells, each with a nucleus having twice the ploidy of the original nuclei. By this process, cell mass and, usually, nuclear ploidy increase more than does the ploidy per cell. Although this could occur in the Swiss mouse, it cannot represent the major mode of nuclear polyploidization. For the proportion of binucleate cells to remain constant (Fig. 3) the increase in liver mass and the increase in cell ploidy, thereby violating the results shown in Figure 2 .
The considerations just discussed also mitigate against the extension to the Swiss mouse of the proposal based oIn work in rats"8 19 that liver growth occurs primarily from the repeated division of diploid cells. In the rat, nuclear ploidies above 4N are quite rare17 20 except in the largest animals, and the frequency of binucleate cells in the mature animal is relatively low (3040%). 21 In the Swiss mouse, on the other hand, SN nuclei are not uncommon, and binucleate cells predominate at all times after weaning. The development of a large population of (SN and SN X 2 cells cannot be attributed to the replication of diploid cells.
Sumnmtary.-Isolated parenchymal cells were prepared from livers of mice, rats, and human beings. The sizes of cells of various ploidy classes were determined, and cell size was found to be directly proportional to cell ploidy. These results are compatible with the operation of gene dosage in the control of the rates of synthesis of cell constituents in polyploid liver cells.
The growth of the liver of the Swiss mouse appears to have three major phases: the multiplication of diploid cells; the formation of a large population of binucleate cells with diploid nuclei; and, finally, an increase in cell size, principally by polyploidization of the nuclei, with the proportions of mononiucleate and binucleate cells remaining constant. No obvious advantage, except possibly a reduction in total cell surface area, accrues to the aninial as a result of the process of cell polyploidization.
Note added in proof: Shea and Leblond22 have recently 'eported that the number of nucleoli per mnotuse liver cell nucleus has a mode of 3 and a maximum of 6 in 2N nuclei and a mode of 6 and a maximum of 11 in 4N nuclei. These data indicate that the number of Illncleoli and presumably their functional capacity are proportional to the ploidy of the nucleus.
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